The numerical models for predicting the collection efficiency of particles in the size range of 0.3 ∼ 10.0 µm in electrostatic precipitators (ESPs) have been well developed. However, for nanoparticles, or particles with the diameter below 100 nm, the existing models can't predict the collection efficiency very well because the electric field and ion concentration distribution were not simulated, or charging models were not adopted appropriately to calculate particle charges. In this study, a 2-D numerical model was developed to predict the nanoparticle collection efficiency in single-stage wire-in-plate ESPs. Laminar flow field was solved by using the Semi-Implicit Method for Pressure-Linked Equation (SIMPLER Method), while electric field strength and ion concentration distribution were solved based on Poisson and diffusion-convection equations, respectively. The charged particle concentration distribution and the particle collection efficiency were then calculated based on the convection-diffusion equation with particle charging calculated by Fuchs diffusion charging theory. The simulated collection efficiencies of 6-100 nm nanoparticles were compared with the experimental data of Huang and Chen (2002) for a wire-in-plate dry ESP (aerosol flow rate: 100 L/min, applied voltage: −15.5 ∼ -21.5 kV). Good agreement was obtained. The simulated particle collection efficiencies were further shown to agree with the experimental data obtained in the study for a wire-in-plate wet ESP (Lin et al. 2010) (aerosol flow rate: 5 L/min, applied voltage: +3.6 ∼ +4.3 kV) using monodisperse NaCl particles of 10 and 50 nm in diameter. It is expected that the present model can be used to facilitate the design of ESPs for nanoparticle control and electrostatic nanoparticle samplers.
INTRODUCTION
Wire-in-plate electrostatic precipitators (ESPs) are widely used to remove suspended particles in the exhaust gas because they are capable of handing large flow rate with low pressure drop through the collection chamber (Oglesby and Nichols 1978) . Particles are collected by electrostatic forces, and thus particle electrostatic charge is a very important factor influencing the collection efficiency of the ESPs. Many researchers developed numerical models based on charging models in continuum regime (Kn = 2λ i /dp ⊥, λ i : mean free path of ions, d p : particle diameter) to predict collection efficiency of the wirein-plate dry ESPs. For particles ranging from 0.3-10 µm in diameter, good agreement between experimental data and numerical results was obtained (Goo and Lee 1997; Kim 2000, 2003; Park and Chun 2002; Talaie 2001 Talaie , 2005 . For particles with 100 d p 200 nm, the numerical model of Yoo et al. (1997) based on Fuchs diffusion charging model (1947) and the field charging model of Pauthenier and Moreau-Hanot (1932) was able to predict the particle collection efficiency accurately. However, the combined charging model used by Yoo et al. (1997) was found to over-predict particle charge for particles with d p 100 nm in Lawless (1996) , who concluded that 100 nm was the limit of applicability of the combined charging model.
In the transition regime (Kn ≈ 1), Fuchs model (1963) , which was used by Zhuang et al. (2000) and Li and Christofides (2006) to predict particle charge in ESPs, was shown to be accurate for particles with d p > 30 nm (Adachi et al. 1985; Pui et al. 1988 ). However, the numerical model could not predict the experimental collection efficiency accurately for 30 < d p < 400 nm because the flow field and the non-uniform ion concentration distribution were not calculated in Zhuang et al. (2000) . In the work of Li and Christofides (2006) , non-uniform electric field and ion concentration were not considered either and simulated particle collection efficiencies were not compared with experimental data. Therefore, the applicability of the previous models (Yoo et al. 1997; Zhaung et al. 2000; Li and Christofides 2006) for 30 d p 100 nm requires further investigation.
For particles with d p < 30 nm, experimental data (Huang and Chen 2002) and numerical results (Yoo et al. 1997; Zhaung et al. 2000; Li and Christofides 2006) showed that a fraction of particles was uncharged and penetrated through the ESPs, resulting in decreasing collection efficiency as d p was decreased from 30 nm to 5 nm. This is called the partial charging effect. Marlow and Brock's model (1975) was shown to provide accurate prediction of particle charge for d p < 30 nm (Pui et al. 1988 ). However, Marlow and Brock's model has not been applied to examine the partial charging effect on the collection efficiency of the ESP. The combined charging model used in Yoo et al. (1997) over-predicted particle charge in the transition regime, as compared to the experimental data of Fjeld and MacFarland (1986) , leading to an overestimation of collection efficiency for particles below 30 nm. The Fuchs model (1963 ) used in Zhuang et al. (2000 and Li and Christofides (2006) also over-predicted particle charge for d p < 30 nm, which also led to an overestimation of the collection efficiency.
The present study aims at developing an accurate numerical model to predict nanoparticle collection efficiency in wire-inplate ESPs using an appropriate particle charging model. The simulated particle collection efficiency will be compared with the experimental data of Huang and Chen (2002) for particles with diameter from 6 to 100 nm. The simulated nanoparticle collection efficiencies will further be validated with the experimental data obtained using monodisperse NaCl particles of 10 and 50 nm in diameter in the wet ESP of Lin et al. (2010) .
EXPERIMENTAL METHOD
The schematic diagram of the wet ESP and the experimental setup was described in detailed in Lin et al. (2010) . The wet ESP consists of two plexiglass plates on which hydrophilic collection electrodes (100 mm in length, 75 mm in width, and 3.0 mm in thickness) are attached to the inner surface. Between the collection electrodes, a center piece (C) is sandwiched to form a 9 mm gap between the electrodes. On the center piece, three gold discharge wires (GW) (99% purity, 100 µm in diameter, Surepure Chemetals Inc.) spaced at 16 mm in the flow direction are fixed. Test particles used in the experiment were NaCl (particle density = 2200 kg/m 3 ), which were generated by the evaporation-condensation technique in an oven temperature at temperature of 650-700
• C. The generated particles were then passed through a nano-DMA (differential mobility analyzer, TSI Model 3085) to obtain monodisperse particles with d p of 10 and 50 nm. The experiment was conducted at an aerosol flow rate of 5 L/min and at an applied voltage of +3.6 ∼ + 4.3 kV. A condensation particle counter (CPC, model 3022, TSI Inc.) was used to measure particle number concentration. For 10 and 50 nm particles, the inlet concentration of the ESP was measured to be 1.2 × 10 9 (m −3 ) and 6.6 × 10 9 (m −3 ), respectively.
The particle collection efficiency of the wet ESP, η total (d p ), was calculated as
where C in (d p ) is the particle inlet concentration (cm 
NUMERICAL METHOD

Flow Field
The calculation domains for the dry ESP of Huang and Chen (2002) and the wet ESP (Lin et al. 2010 ) are shown as the hatched areas in Figures 1a and b , respectively. The dimensions of the present wet ESP (Lin et al. 2010) were described in the previous experimental method section. The wire-in-plate dry ESP in Huang and Chen (2002) was 300 mm in length, 120 mm in width, and 76 mm in height. Three discharge wires had the diameter of 0.3 mm. The wire to wire spacing and wire to plate spacing was 42 and 60 mm, respectively.
A total of 19,368 (269 in x-direction, 72 in y-direction) nonuniform rectangular girds were used in each of the calculation domains. The average grid size was about 62.5 and 372 µm in x and y direction. The smallest size of 2.35 and 1.94 µm was assigned near the wall of the collection plate of the ESP in Huang and Chen (2002) and the present wet ESP, respectively. It was found that increasing the number of girds from 269 × 72 to 269 × 92 only resulted in a slight decreasing of particle diffusion loss from 38.5 to 37.6% for 10 nm particles in the present wet ESP. Thus, a fixed number of grid of 269 × 72 was used in the present simulation. The total number of iterations to reach convergence was about 10,000 for solving the flow field.
The laminar flow field model was used in both cases because the flow Reynolds numbers based on the hydrodynamic diameter were 130.5 and 1124.4 in the wet ESP (Lin et al. 2010 ) and the dry ESP (Huang and Chen 2002) , respectively, which were all smaller than 2000 (Hinds 1999 where u and v (m/s) is the air velocity in x and y direction, respectively, ρ air is the air density (kg/m 3 ), P is the pressure (Pa), and µ air is the viscosity (kg/m-s). The Navier-Stokes and continuity equations were discretized by means of the finite volume method and solved by the SIMPLER algorithm (SemiImplicit Method for Pressure-Linked Equations) (Patankar 1980) .
Electric Field and Ion Concentration Distribution
The governing equation, Poisson's equation, for the electric field distribution in the ESP can be written as
where V is the electric potential (Volt), ρ i is the space charge density (C/m 3 ), ε 0 is the permittivity of air (A·sec/V·m). The space charge density ρ i in Equation (5) was calculated by the convection-diffusion equation as
where D i is the ion diffusion coefficient (m 2 /s), Z i is the ion mobility (m 2 /s-V), E x and E y are the local electric field strengths at x and y direction (Volt/m), respectively, which can be calculated as
Equations (5) and (6) were discretized by using the finite volume method and solved by the same computer code used in the flow field simulation. About 100,000 iterations were needed to reach convergence. In Equation (5), ion quenching by particles was neglected because the predicted ion concentration was much higher than the particle number concentration in this study. For example, when the applied voltage was +3.7 and -15.5 kV, the average ion number concentration was calculated to be 2.26 × 10 14 and 1.86 × 10 14 (m −3 ) in the dry and wet ESP, respectively, which was four orders of magnitude higher than the particle concentration. Similarly, in Equation (6), the source term of the corona current generated by charged particles was neglected either. To solve Equations (5) and (6), the ion density at the discharge wire surface must be calculated first as (McDonald et al. 1977 )
where s x is the half wire to wire spacing (m), r c is the wire radius (m), f is the wire roughness factor, δ = T 0 P /T P 0 , T and P are the operational gas temperature (K) and pressure (atm), respectively, T 0 = 293 (K), P 0 = 1 (atm), and J p is the average current density at the plate (A/m 2 ) per discharge wire, which is calculated by the analytical equation of Cooperman (1981) as follows:
where 
In the above equations, s y is the wire to plate spacing (m), V 0 is the applied voltage (V), V c is the corona onset voltage (V), E 1 is the average electric field (V/m), r eff is the equivalent cylinder radius (m), and E c is the corona initiating electric field (V/m). After obtaining J p , the total current I (A) per discharge wire is calculated as (McDonald et al. 1977) .
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where Z P is the particle electrical mobility (m 2 /s-V), which is defined by Z p = qeC c /3πµ air d p , q is the number of elementary units of charge, e is the elementary electrical charge (1.6 × 10 −19 C), D B is the Brownian diffusion coefficient for particles (m 2 /s), S c is the source term, which represents the generation of particles with q elementary charges. In Equation (17), the source term S c and sink term S p are given by (Adachi et al. 1985; Aliat et al. 2009 )
where α q is the combination coefficient of positive ions for particles carrying q elementary charges (m 3 /s), which is given by (Fuchs 1963) 
wherec i is the mean thermal velocity of ions (m/s), δ r is the radius of the limiting sphere (m), ξ is the striking probability, k b is the Boltzmann's constant (J/K), φ is the electric potential between the particle and the ion (Adachi et al. 1985 ) (V), and a is the radius of particles (m). The ξ values shown in Table 1 of Hoppel and Frick (1986) were adopted to investigate the aerosol penetration in the partial charging regime. The parameters used in Equation (20) can be calculated as follows:
[26]
where r is the distance between particles and ions center (m), ε p is the dielectric constant of particles (for NaCl, ε p = 6.12; for sucrose, ε p = 3.0), λ i is the mean free path of ions (m), r a is the apsoidal distance (m), M i is the molecular weights of ions (kg/mol), M air is the molecular weights of air (kg/mol), and N a is the Avogadro number (6.023 × 10 23 #/mol). Equation (17) by the same computer code used in the flow field simulation. About 2000 iterations were needed to reach convergence.
For particles with d p 20 nm, the charging model of Marlow and Brock (1975) was also applied to examine the partial charging effect on the particle collection efficiency in the present simulation. The combination coefficient α q was calculated as (Marlow and Brock 1975) 
where
In Equation (28), G I N is the first iterate correction to the flux, which was calculated to be 0.26. After concentrations of particles with different charge levels (q = 0, 1, 2. . . ) were obtained, the particle collection efficiency of the ESP was calculated as
where N p,0,total (y) is the inlet uncharged particle number concentration, and N p,q,outlet (y) is the outlet number concentration of particles carrying q elementary charges. Table 1 (Adachi et al. 1985; Hoppel and Frick 1986; Hussin et al. 1983; Mohnen 1977; Wiedensohler et al. 1986; Wen et al. 1984; Wiedensohler and Fissan 1991) . In the mobility range, the variation of the collection efficiency for particles with 2 d p 100 nm was found to be insignificant, which was calculated to decrease from 3.44 ∼ 0.5% to 5.70 ∼ 0.0% when the applied voltage was increased from −15.5 to −21.5 kV in the dry ESP of Huang and Chen (2002) , and decreased from 3.7 to 0.0% when the applied voltage was increased from +3.6 to +4.3 kV for 10 nm particles in the wet ESP. Thus, a fixed value of 1.35 × 10 −4 m 2 /V/s for negative ions and 1.15 × 10 −4 m 2 /V/s for positive ions was used to calculate the particle collection efficiency.
The present simulated electric potential and ion concentration distribution were also compared to the analytical solutions in a wire-in-tube ESP case (Marquard et al. 2005) , and numerical results were found to match with analytical solutions (data not shown). Therefore, the present model is able to predict electric field strength and ion concentration distribution in these ESPs. Figures 3 and 4 show the electric potential and the ion density distribution in the wire-in-plate wet ESP (Lin et al. 2010 ) at an applied voltage of +3.7 kV and an air flow rate was of 5 L/min, respectively. The electric potential is shown to be symmetric with respect to the y-axis around the discharge wire. The ion density distribution also tends to be symmetric with respect to the y-axis around the discharge wire. The average ion density at the outlet of the wet ESP, 7.38 × 10 −6 C/m 3 , was calculated to be slightly higher than 4.69 × 10 −7 C/m 3 at the inlet of the wet ESP due to the influence of air flow convection. The profiles of the electric potential and the ion concentration distribution in the dry ESP of Huang and Chen (2002) were found to be similar to those in the wet ESP, and are not shown here. Figure 5 shows comparison of the particle collection efficiency between the present numerical values and the experimental data of Huang and Chen (2002) . When the aerosol flow rate and the applied voltage was 100 L/min and -15.5 ∼ -21.5 kV, respectively, the numerical results based on Fuchs model (1963) agreed reasonably with experimental data with a deviation of 0.4-11.3% for particles with 40 d p 100 nm. The calculated penetration efficiencies were 11.3-22.7% lower than the experimental data for particles with 20 d p 40 nm.
Comparing the Particle Collection Efficiency in the Dry ESP of Huang and Chen (2002)
For particles with d p 20 nm, the present model with particle charge calculated by using Fuchs model (1963) was shown to over-predict the particle collection efficiency with a large deviation of over 20% as compared to the experimental data, as shown in Figure 5 . In order to predict the collection efficiency for particles below 20 nm accurately, the charging model of Marlow and Brock (1975) was used in the present simulations. The aerosol penetration was calculated to increase from 0.0 to 38.4%
for an applied voltage of -18.0 kV, 0.1 to 51.9% for an applied voltage of -16.0 kV, and 8.52 to 54.4% for an applied voltage of -15.5 kV with decreasing particle diameter from 20 to 2 nm. As shown in Figure 5 , better agreement between the simulated values and the experimental data was obtained with deviation of 0.8-13.1% at the applied voltage of -15.5 ∼ -21.5 kV. This result could be attributed to the fact that the model of Marlow and Brock (1975) predicts better combination coefficient than Fuchs model (1963) for particles with d p < 20 nm (Pui et al. 1988; Romay and Pui 1992) . The model of Marlow and Brock (1975) considers the velocity distribution of the ions in the vicinity of the particle, which is an important factor for predicting particle charging in the transition and free molecule regimes (Pui et al. 1988) . Therefore, it can be concluded that the model of Marlow and Brock (1975) is more appropriate than Fuchs model for predicting particle charging and the collection efficiency in the partial charging regime (d p < 20 nm) in the ESP.
In Figure 5 , the ion molecular weight is assumed to be 0.140 kg/mol. The effect of the ion molecular weight on the particle collection efficiency was also examined in the present simulation. Table 1 shows molecular weights of positive and negative ions measured by previous researchers. According to Fuchs theory (1963) , the combination coefficient is related to ion molecular weight (Equation (20)). For negative ions, when the ion molecular weight increases from the minimum of 0.05 kg/mol to the maximum of 0.140 kg/mol shown in Table 1 , the particle collection efficiency was found to decrease (data not shown) with decreasing α 0 from 3.69 × 10 −15 ∼ 2.13 × 10 −12 to 2.85 × 10 −15 ∼ 1.77 × 10 −12 for particles with 2 d p 100 nm. Good agreement between the calculated particle collection efficiency and the experimental data was found to correspond to the ion molecular weight of 0.140 kg/mol. Choosing the minimum ion molecular weight of 0.05 kg/mol leads to a less than 10% deviation between the calculated particle collection efficiencies. For example, when the applied voltage is -15.5 kV, the calculated particle penetration ranges from 12.4 ∼ 17.7% for 10 nm particles, and 40.8 ∼ 43.2% for 50 nm particles, corresponding to the molecular weight range of 0.05-0.14 kg/mol.
To elucidate the aerosol penetration due to the partial charging effect, the concentration distribution of 6 nm particles carrying 0 and 1 charge was calculated at an applied voltage of -15.5 kV and an aerosol flow rate of 100 L/min, as shown in Figure 6 . In Figure 6a , high concentration of particles carrying zero charge appears at the outlet of the dry ESP. These uncharged particles can't be collected by electrostatic forces on the collection electrodes, and thus penetrate through the ESP. The average outlet concentration was calculated to be 8.40 × 10 7 for uncharged particles and 3.54 × 10 6 m −3 for singly charged particle, leading to an average particle charge of 0.04 and an aerosol penetration of 33.0% when the inlet particle concentration was 1.67 × 10 the ion concentration become higher and the particle collection efficiency is enhanced.
For particles with d p 20 nm at the applied voltage of -15.5 kV, the average particle charge was found to increase from 0.99 to 6.64 with increasing particle diameter from 20 to 100 nm. The partial charging effect on the collection efficiency became insignificant. In this size range, high aerosol penetration was due to weak electric field strength, which can be reduced by applying higher electric filed strength in the ESP.
Comparing the Particle Collection Efficiency in the Present Wet ESP (Lin et al. 2010)
Figure 7 shows comparison of the particle collection efficiency between numerical values and experimental data for 10 and 50 nm NaCl particles in the present single-stage wirein-plate wet ESP. As the figure shows, when Fuchs model is adopted to calculate the particle charge, the simulated collection efficiencies at the applied voltage of +3.6 ∼ +4.3 kV agree with the experimental data with deviation of 0.10-10.8% and 4.50-14.1% for 10 and 50 nm particles, respectively. For 10 nm particles, when the model of Marlow and Brock (1975) is used to calculate the particle charge, reasonable agreement between the predicted and the experimental collection efficiency is also obtained with a deviation of 0.10-8.71%.
In Figure 7 , the effect of the ion molecular weight on the particle collection efficiency is also shown. Within the range of positive ion molecular weight from 0.109 to 0.290 kg/mol, the corresponding α 0 and α 1 can be calculated based on Fuchs theory as shown in Table 2 . The calculated collection efficiency ranges from 74.2 ∼ 79.4% to 100% for 10 nm particles, and from 40.9 ∼ 44.9% to 100% for 50 nm particles, respectively, at the applied voltage of +3.7 ∼ 4.3 kV. For comparison, the particle collection efficiency ranges from 60.0 ∼ 64.4% to 100% for 10 FIG. 7. Comparison of particle collection efficiency in the single-stage wirein-plage wet ESP (Lin et al. 2010) between numerical results and experimental data at the air flow rate of 5 L/min. nm particles at the applied voltage of +3.7 ∼ 4.3 kV, based on Marlow and Brock's charging model. Again, it shows that there are no significant differences in the particle collection efficiency when different ion molecular weights are used.
Figures 8a-c show the number concentration distribution of 50 nm particles carrying 0, 1, and 4 charges in the wet ESP at an applied voltage of +3.7 kV, an air flow rate of 5 L/min, and an ion molecular weight of 0.290 kg/mol. As shown in the figure, the concentration of particles with 0 charge decreases with increasing x distance from the entrance of the wet ESP, where some particles are charged by positive ions to acquire 1-4 charges and some of which are collected by the collection electrodes due to electrical force. This can be observed from the location of the highest charged particle concentration near the collection electrode surface as shown in Figures 8b and c. Besides, large amount of particles carrying 1 ∼ 4 charges penetrate through the present wet ESP because the electrostatic force is not high enough for collecting the charged particles. The average concentration of particles at the exit of the wet ESP was calculated to be 8.66 × 10 4 , 1.27 × 10 7 , 4.48 × 10 7 , 1.03 × 10 7 , and 2.60 × 10 5 m −3 for particles carrying 0-4 charges, respectively, leading to an average outlet particle charge of 1.97 when the inlet particle concentration was 8.70 × 10 7 m −3 . When the applied voltage was increased to +4.3 kV, the collection efficiency reached up to 99% and the particles carried an average charge of 3.19.
For 10 nm particles, particles with an average outlet concentration of 4.62 × 10 7 and 2.79 × 10 6 m −3 carrying with 0 and 1 charge, respectively, were found to penetrate through the wet ESP operating at +3.7 kV. The average outlet particle charge Downloaded by [National Chiao Tung University ] at 22:44 24 April 2014 was 0.06, or partial charging occurred which led to a decrease of particle collection efficiency (Figure 7) . When the applied voltage was increased to +4.3 kV, the partial charging effect became insignificant, and the collection efficiency of particles with an average charge of 2.00 reached up to 99%. 
CONCLUSIONS
This study developed a detailed 2-D mathematical model to predict the flow field, the electric field strength, the ion concentration, the charged particle concentration distribution, and the particle collection efficiency in the single-stage wire-in-plate ESPs. The predicted electric field strength and ion concentration distribution was calculated to match with analytical solutions in a benchmark problem of the wire-in-tube ESP. The comparison of the numerical collection efficiencies based on Fuchs charging model (1963) and the experimental data of the dry ESP in Huang and Chen (2002) shows reasonable agreement with a deviation smaller than 20% for particles with 30 d p 100 nm. For d p < 20 nm, the predicted aerosol penetration based on the charging model of Marlow and Brock (1975) were found to match better with the experimental data than that based on Fuchs charging model. Aerosol penetration was found to increase with decreasing particle diameter from 20 to 2 nm due to the partial charging effect. In the wet ESP of Lin et al. (2010) , the predicted collection efficiencies are also shown to be in good agreement with the experimental data for 50 and 10 nm particles, respectively.
This study shows that partial charging can occur which reduces collection efficiency for particles smaller than 20 nm when the applied voltage is not high enough. Increasing the applied voltage of the ESPs can minimize the partial charging effect and increases the nanoparticle collection efficiency to nearly 100%.
The present numerical model has been validated carefully and can be used to facilitate the design and scale-up of the singlestage wire-in-plate wet ESPs to control the emission of fine and nanosized particles. Furthermore, the present model provides detailed spatial distribution of charged nanoparticles with the consideration of nonuniform distribution of flow field, electric field strength, and ion concentration, which enables the design of efficient electrostatic nanoparticle samplers for sampling and characterization of nanoparticles. Downloaded by [National Chiao Tung University ] at 22:44 24 April 2014
